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THE DEEP OCEAN SOUND CHANNEL IN AREAS AROUND AUSTRALIA

1. INTRODUCTION

Over the past five years, the Marine Enviromment Group of the Materials
Research Laboratories participated in a series of oceanographic cruises
(Table 1) in order to characterise variations in the physical and chemical
environment of the ocean waters around Australia. Reports summarising
results from four such cruises have recently been published [1-4].

During each cruise, a number of stations was occupied and, at each
station, water samples were taken and subsequently analysed for variations
with depth of temperature, salinity, pH and alkalinity, dissolved oxygen,
metal ion concentrations, etc. From the data thus accumulated, various
calculations can be made on the expected dynamic properties of the ocean mass
including profiles of the velocity of sound 5], its absorption and trans-~
mission in sea water [6-9], water transport and circulation [10] and the
stratification of waters within the ocean [11].

The purpose of this paper is to identify the prevailing deep ocean
sound channels or SOFAR-axes (8] in various bodies of water around Australia
from hydrographic data and then to use the oceanographic data to predict
acoustical properties in these sound channels [9].




2. SOUND_CHANNELS

An introduction to the concept of a sound channel has already been
given [8], where these channels originate from the trapping of acoustical
energy by refraction along axes where the sound velocity reaches a minimum.

From the literature, it appears that a major part of any long-range
undersea surveillance capability depends on one's ability to locate the
position of submerged submarines by sound fixing and ranging (SOFAR)
techniques [12,13] where the accuracy of a 'fix' depends upon the use of a
correct sound speed in the 'deep ocean sound (SOFAR) channel' [13]. The
actual depth at which this channel occurs is determined by several oceano-
graphic factors, all determined by the nature and origin of the water masses
around a particular location. In mid-latitudes, it typically occurs near
1000 m.

As mentioned in the introduction, the speed of sound in sea water can
be calculated very accurately from a knowledge of the depth, salinity and
temperature of the sea {5] and, from this, one can then deduce not only the
depth of the SOFAR channel but also how it varies with location in a
particular area. This is illustrated in Table 2, from data collected in the
Indian Ocean by MRL scientists in March 1978 [2]. it also varies from ocean
to ocean (Table 3).

While active and passive sonars operate in different parts of the
acoustical spectrum, their performance is effected somewhat by the process
of sound absorption which occurs as a result of chemical relaxation
vhenomena [8,9] and is the major contributor to the total attenuation
observed in the deep ocean sound channel [14,15].

It has been established that the low frequency absorption of sonar
eriergy (0.4-2 kHz) is primarily due to the presence of borate and complexed
carbonate species in solution {6,16,17] while the intermediate frequency
(10-500 kHz) absorption arises from complexed magnesium sulphate ion pairs
in sea water {7]. The¢ magnitude of these absorption processes and the
relaxational frequencies about which they are centred depend on jonic
concentrations, temperature, depth, pH and alkalinity, all chemical variables
measured on MRL cruises.

3. ACOUSTICAL RELAXATION IN SEA WATER

The overall sound absorption in sea water as a result of physicochemical
relaxation processes, a, is simply the sum of contributions of these
individual processes, namely

u=§i:ai (1)
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For a single relaxation process, the dependence of the sound absorption
coefficient, a;s on the observing frequency, f, is given by i

. = X fri 2 )
i 1 T2+ £2 (2)

where f i is the relaxation frequency of the medium. K, is also a character-
istic og the medium and is a measure of its compressibiiity under the
influence of the perturbing process.

a, = a ., = kK f (3)

Vo= fri Ari
where Xri is the wavelength of the acoustic wave corresponding to the relax-
ation frequency, f_..
ri
Hence, a_, A, = XK.v
ri ri i
Zarl ri
Ki B v
and
_ 20‘ri xri fri £2 (4)
*q v £ 7+ f2

The commonly-used unit of the absorption coefficient, ay, is the
decibel per kilometre, dB s

It is common to discuss oceanographic acoustical data both in terms of
'the excess absorption per wavelength at the relaxation frequency' or ‘'excess
absorption factor', apg Ari’ which is also written (uA)ri, and in terms of
fri’ the relaxation frequency.

The terms (oA) are particularly useful as they give a sensitive
method for deducing Eﬁe relative intensities of different absorption




processes, (Table 4). «ﬁ)ri are usually expressed in units of decibel (dB)
or neper (Np) [9].

Laboratory and field experiments have established thut the operational

variables in eq. 4, namely K, and f__, do vary from ocean to ocean [6,18-20].

The major contribution to the low frequency absorption in the ocean at

pH 7-8.5 comes from boric acid-borate interactions (Table 4), the magnitude
of this contribution being some 10-fold greater than that from magnesium
carbonate jon pair formation [16,21] at 1 kHz.

Several expressions have been derived which relate the acoustical
parameters in eq. 4 to oceanographic variables, the most recent and
comprehensive being that of Schulkin and Marsh [9]. From a statistical
analysis, they derived the following relationships :

(uk)rl x 10 = 2.69 x 100.69PH - 6 5

and

- (S £, (T)
0 = 6.1 (35) 10 kHz (6)

where f; (T) = 3 - (1051/T), T being the temperature (degree K).

In eq. 5 and 6, the subscript 1 refers to the contribution from boric
acid - borate interactions, in sea water of salinity, S, 33.5 - 40.5 ppt.

The magnesium-carbonate interaction (subscript 4) was first reported
in 1979 [16] and is, at this juncture, best regarded as a refinement to the
present situation. 1Its contribution to the overall absorption is summarised
by the equations

(), > 10 = 2.25 x 10PH-9 4B )

and

£, = 2.821 «x 1010-(2675/T) yy, (8)

These expressions, summarised by eq. 5-8, refer to conditions at 1 atm.

pressure. The effect of pressure on the variables fr s £, (aA)r and
(u)‘)r have not been studied; however, if they follow trends observed in
MgS0O, relaxation [7], then the pressure effects will be of the order of +10%
at 100 bar [8,9], the approximate pressure at the deep ocean sound channel.

—— s




At intermediate frequencies (10-500 kHz), MgSOA ion pair relaxation

(subscript 2) is the dominating sound absorption process [7]. The temperature

dependence of f of MgSO4 in sea water over the range 2°-30°C at atmospheric
pressure is given by

£, = 1.229 x 107-(1 483/T) yp, (9)

where T is in degree Kelvin.

At 25°C, f__ equals 131 kHz; at 4°C, it equals 55 kHz.

r2
The pressure dependence of £ in sea water, f (p), is given
X . r2 r2

approximately by the relation

= -2
(P £, (0 + 7.5x10"%p khz (10)

where p is the pressure, bar [7].

At 4°C and 100 bar pressure, f _ will be ca. 62 kHz, a value very close
to that determined semi-empirically ifi the SOFAR deep axis sound channel in
the Atlantic Ocean, 64 kHz [7,22].

The excess absorption factor, (oA)_,, in sea water varies with pressure
[7] and would also appear to increase wigg increasing concentrations of Mg
at sea water concentrations [7]; at sea level, at a Mg++ level of 1290 ppm

(), (25°c, 1 bar, sea water] = 5.53 x 10~“ dB (11)
and, in the deep axis sound channel,
oD -
(“A)rz (4°C, ¥ bar, sea water] = 5.09 x 10~“ dB (12)

As mentioned earlier, MgSO, relaxation is the predominant absorption
process over the frequency range 10-500 kHz. Beyond 500 kHz, the predominant
absorption process is attributed to the response of water itself to pressure
changes stimulated by the passage of acoustical energy [23]; the absorption
coefficient due to this effect, aqs is given by

a3 = 3.0 X 10_..' fz dB . ‘cﬂ*" . (13)

e i ——
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the magnitude of which changes by less than 1% at 100 bar relative to that
at 1 bar pressure [23] at 4°C.

From a knowledge of oceanographic variables, one can calculate the
absorption coefficient, a, from various a, evaluated at a particular
frequency and can use this information to refine sound fixing and ranging
procedures, (Tables 4,5).

4. ACOUSTICAL ABSORPTION AT THE DEEP OCEAN SOUND CHANNEL :
RESULTS AND DISCUSSION

4.1 Occurrence of the Sound Channel

As mentioned above, the deep ocean sound channel or SOFAR axis occurs
at a depth where the sound velocity is a minimum, the acoustical energy
being trapped within this channel by refraction to provide a duct suitable
for the transmission and reception of undersea communications and
intelligence [13,24].

Throughout this paper, sound speeds have been computed from observed
oceanographic variables using an equation proposed by del Grosso and Mader [5]
and ,from a consideration of the resulting sound speed-depth profiles, the
location of the deep ocean sound axes, where they exist, have been determined.

However, equations such as del Grosso and Mader's [5] are cumbersome,
even though they do give accurate results. An over-simplified but enlight-
ening sound speed equation, extensively used by Northrup and Colburn [13]
and based on an equation proposed by Medwin [25], enables one to appreciate
how the speed of sound in sea water depends on oceanographic parameters, viz.

v = 1449.14 + 4.57t + 1.4 (S-35) + 0.016D (14)

where v is the speed of sound (m sec‘l) at a depth D (metre) in sea water t°c
and salinity S (parts per thousand). From this equation, in isohaline water,
one derives, for comparative purposes, the differential equations

| =¥ = 4.6 m secT! (V) (15)
and
v a -l
D = 0.016 m sec m (16)




Near the SOFAR axis, over a range of 100 m in mid-latitudes, the
temperature drop may be of the order of 0.8°C. From these equations, one can
deduce that changes in the sound velocity will be influenced mainly by
changes in the temperature-depth profile near the depth where the velocity is
approaching its velocity minimum.

Typical results from MRL Cruises are given in Tables 6-8. Results from
the two New Zealand (Cruises are still being processed and cannot be
incorporated in this report.

4.2 The Deep Ocean Sound Channel : Indian Ocean Cruise OP7803

In Figs 1 and 2, a detailed map of the area traversed in the Indian
Ocean Cruise OP7803 in March 1978 is given. This map is part of a more
comprehensive map of the southern portion of the Indian Ocean [26]. However,
the area studied may possibly be considered characteristic of the ocean as a
whole, in as far as the Indian Ocean contains many uninterrupted expanses of
deep water, spread over its entire southerly domain between 35°S and the
equator [27].

The components of the temperature/salinity/depth/pH profile of the deep
ocean sound channel in the Indian Ocean, as it occurred in March 1978,
between 9°-30°S and 105°-112°E, are given in Table 9. The only station for
which the sound channel appeared to reside below 1000 m was Station F [2];
at Station F, however, the results obtained were unusual as a plot of
temperature-vs-depth between 800 and 1200 m at this station was not consistent
with plots made with data collected elsewhere on this and other cruises [1,2].
Neglecting the data from this one station, the physicochemical variables over
this area can be averaged, thus :

Sound channel axis 940 m
Temperature 5.1%
Salinity 34.6 ppt

pH 7.84

Sound speed 1486 m 'sec'-l

and the acoustical parameters relating to the absorption of sound at the
SOFAR axis can be calculated to yield

(A), x 104 = (.69 dB
£ = 1.02 kHz
(), * 10" = 0.15¢ dB
fr“ = 6.8q9 kHz
() . » 10" = 4.88 dB
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(assuming av. Mg conc. 12.34 x 10°pg 17', Ref. 2)

64.7 kHz

frz

a3 = 3.0 10™"% f2 dB km~!

4.3 The Deep Ocean Sound Channel : Coral Sea Cruise OP7704

A simplified map of the area between 2205—3308, 150°E-166°E traversed
in the MRL Coral Sea Cruise OP7704 in April-May 1977 is given in Fig. 3.
This area has been charted in considerable detail and the results of this
charting have been incorporated in the International Chart AUS 4602 [27].
The results from this cruise have been tabulated in Ref. 1 and the character-
istics of the deep ocean sound channel have been summarised in Table 10.

Previous work in the area has been reported by Scully-~Power, France
and Lockerman [29-32] from the Royal Australian Navy Research Laboratory;
that portion of their work, relevant to MRL interests being considered here,
relates to work carried out in May 1968 in the area 1208-2005, lSOOE—l6SOE,
just north of the area traversed by the MRL Cruise, OP7704 [28].

From the data reported in the RANRL experiments, it was calculated
[5,29-32] that, in the area in which they worked, the deep ocean sound
channel occurred at an average depth of 885 * 50 m, in water of unusually
constant salinity 34.5 * 0.03 ppt, the average temperature of the water in
this sound channel_?eing 4.3 £ 0.4 degree C and the average sound speed
ca. 1482 + 2 m sec

In contrast, there were only three stations on the MRL Cruise where the
second channel occurred at depths less than 1000 m - namely, at stations H,
K and L (Table 10). The averaged sound channel characteristics at these
three stations were: depth 950 * 30 m, temperature 5.2 # O.i degree C,
salinity 34.4 + 0.1 ppt, pH 7.90 and sound speed 1486 m sec” ~. All three of
these stations occurred near New Caledonia, just north of the parallel of
latitude 23°s. Along the north-east path of the MRL Cruise from Sydney to
Noumea (27 April 1977 - 2 May 1977), the deep ocean sound channel was
calculated to reside much deeper, ca. 1270 # 130 m, in colder water at an
average temperature 4.2 * 0.5 degree C but at a similar salinity 34.5 + 0.1 ppt

and pH 7.88 * 0.02.

Be that as it may, the calculaied sound speed in each section was
remarkably constant, 1487 + 1 m sec” ~, reflecting the compensating effects of
increased pressure and decreased temperature on the calculated velocity of
sound.

From these data, one can predict the acoustical properties of the deep
ocean sound channel along this north-east path, thus




(), » 10" = 0.73¢ dB
. = 0.98 kHz
CONEE 10 = 0.17 dB
er0 = 6.4 kHz
(), * 104 = 4.82 dB

(assuming av. Mg conc. 12.23 x 10° ue 1-1, Ref. 1)

f = 64.9 khHz
r2

Note: Dr Marshall Hall from the Royal Australian Navy Research Laboratory
drew our attention to the fact that Scully-Power and his coworkers [29-32]
calculated sound speeds using Wilson's formula, whereas in this work, the
author used an alternative formula derived by del Grosso and Mader [5]. It
has been the author's experience that the two formulae give identical results
when calculations are rounded off at the fourth significant figure.

4.4 The Deep Ocean Sound Channel : Around Tasmania, Cruise OP7507 (July 1975)

The existence of a deep ocean sound channel presupposes that sound will
be trapped in a duct formed by successive upwards and downwards refraction of
acoustical energy [8,33]; in the waters around Australia, physical modelling
suggests that this duct will form at depths near 1000 m where the sound
velocity reaches its minimum value. Because 'bottom losses' can and do occur
{34,35], it follows that the depth of the water mass needed to sustain a deep
ocean sound channel shou.d be some arbitrarily defined 200-300 m deeper than
the depth at which the calculated minimum velocity of sound occurs - perhaps
as deep as 1600-1800 m.

Much of MRL's interest on the Cruise OP7507 necessitated water sampling
in shallow waters [3] over the area traversed (Fig. 4,5). However, some deep
water sampling did also occur and, from this work, the channel characteristics
at five locations around Tasmania could be determined (Table 11).

The averaged values of the oceanographic variables describing the deep
ocean sound channel are: average depth 1260 m, temperature 4.00C, salinity
34.54 ppt, pH 7.95 and sound velocity 1486 m sec”1 (July 1975), from which
the following acoustical properties can be calculated




(@) x 10" = 0.84 dB
ﬂ = 0.98 kHz
CONE 104 = 0.20 dB
frq = 6.3 kHz
(), x 10" = 4.97 dB

(assuming av. Mg conc. 12.62 x 10% ug 17!, Ref. 3) ,

f = 64.3 kHz
r2

4.5 Conclusion

In Table 12, the acoustical properties associated with the absorption
of sound in sea water as predicted for the deep ocean sound channels located
in certain areas around Australia have been listed. These acoustical
properties arise from the influence of chemical interactions in sea water '
and, as such, they vary with the composition, chemical concentrations and the
physicochemical properties of the ocean, probably from year to year and
season to season [11,27]. Nowhere is this borne out more startlingly than in
our results from the Coral Sea Cruise where the depth of the sound channel
over Stations H, J and K (950 m) occurs in much shallower water than that for
Stations A to G (1270 m).

Be that as it may, the physicochemical properties, temperature, salinity
and pH, do not vary as much in the deep ocean sound channel as they do near
the sea's surface and hence the acoustical properties of the deep ocean sound
channel should be quite predictable.

Whether the differences are significant in relation to the performance
of sonar detector systems remains to be seen. One can envisage that, at low
frequencies (<2 kHz), the variations of (aA)rl with ocean properties in the
SOFAR channel could be related to ultimate sensor performance in long-range
surveillance [36].
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TABLE 1

MATERIALS RESEARCH LABORATORIES OCEANOGRAPHIC CRUISES o

(1975 - 1979) -
Code Date Region E
OP7507 July 1975 Circumnavigation of Tasmania
OP7603 March 1976 Sydney - Auckland (N.Z.)
OP7704 April 1977 Coral Sea (Sydney - Noumea)
OP7803 March 1978 South East Indian Ocean :
OP7904 April 1979 Sydney - Wellington (N.Z.)

These cruises represent the principal cruises undertaken f
for the expressed purpose of collecting physicochemical oceano-
graphic data. Other cruises were undertaken over this period in ;
shallow waters to collect bioclogical information, sediment

samples, etc.
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TABLE 4

COMPARISON OF OBSERVED "EXCESS ABSORPTION FACTORS", (a)) AND

ri’

RELAXATION FREQUENCIES, £ ., FOLLOWING REFERENCES 6, 7, 16 !
L
Reaction in Water fri (O.A)ri ;
at Seawater concentrations 4
1 atm. pressure (kHz) (4B)
Boric Acid/Borate
pH8, 25°C
o -5 | o
pH8, 4°C 1.0 8.9 x 10 4
5 -1 )
Mgso, ion pairing (Mg conc. 12.90 x 107 ug 1 ) 1
25°¢C 130 5.53 x 10:2
4°c 54 5.09 x 10 ,
| 8
MgCO, ion pairing
pH8, 25°C 29 2.2 x 107 f
pus, 4°¢ 6 |




TABLE 5

SUMMARY OF ACOUSTICAL PARAMETERS RELATING TO THE ABSORPTION OF
SOUND IN SEAWATER AT THE SOFAR AXIS

1
B 2
ai = Ki fri f
7 2
£ 2+t
(@) 4 R
(@), x 10 = 2.69 x 100°%9°PH -6 g
- S\ % 3 - (1051/T(°K))
frl 6.1 x (35) x 10 kHz
(@), x 10° = 2.25x 10PH - 9 dB
4 J
O
£ = 2.82 x 1010 - (2675/TCK)) Kz :
rh
1
(o)) 10° = 5.09 dB
oA £2 X = . ‘
£, = 1.229 x 107 "4 Ly 5 0 1072 b (kaz) e
a3 -~ 3.0 x 1074 ¢2 dB/kn |




TABLE 6

PHYSICOCHEMICAL PROFILE OF A STATION IN THE SOUTH EAST INDIAN OCEAN

(MARCH 1978)
Indian Ocean Cruise
OP7803 (Ref. 2)
Sonic Depth 5431 m
Depth Temp. Salin
(m) (C) (ppt)
22 29.16 34.25
53 28.32 34.31
92 24.55 34.19
138 20.42 34.42
184 14.07 34.56
276 11.17 34.64
370 10.24 34.81
561 8.38 34.76
753 6.55 34.66
925 5.31 34,65
1065 4,87 34.68
1320 4.10 34.72
1490 3.76 34.76
1765 3.25 34.76
2245 2.49 34.76
2745 2.09 34.73
3255 1.79 34.73
3780 1.46 34,71

Station G
7 March 1978

Location 10°9's, 110°E -~

pH

8.21
8.24
8.16
8.10
8.01
7.86
7.88
7.80
7.78
7.81
7.79
7.82
7.84
7.84
7.86
7.90
7.89
7.90

Vell
(m sec )

1543.3
1542.1
1533.9
1524.2
1506.2
1498.1
1496.5
1492.8
1488.8
1486. 6%
1487.2
1488.3
1489.8
1492.3
1497.3
1504.3
1512.0
1520.0




TABLE 7

PHYSICOCHEMICAL PROFILE OF A STATION IN THE TASMAN SEA,
OFF TASMANIA, (JUNE 1975)

Tasmanian Cruise Station D
OP7507 (unpubl.) 25 June 1975
Sonic Depth 2000 m Location 4206'5, 150°E
Depth Temp Salin pH Vel -1
(m) (© (ppt) (m sec 7)
0 14.14 35.14 7.83 1504.1
80 13.10 35.17 8.19 1502.0
392 8.94 35.63 7.89 1491.9
1080 6.00 35.42 8.02 1491.7
1290 4.12 35.47 7.99 1487 .6%
1770 2.71 35.61 8.30 1489.9

(MRL-R-788)



TABLE 8

PHYSICOCHEMICAL PROFILE OF A STATION IN THE CORAL SEA (APRIL 1977)

Coral Sea Cruise Station E .
OP7704 (Ref. 1) 30 April 1977 ‘
Sonic Depth: 1800 m Location 27°S, 16103'E {
Depth Temp Salin pH Vel_1
(m) ©) (ppt) (m sec )
17 24.30 35.19 8.20 1533.1
49 24.30 35.37 8.20 1533.8
99 21.90 35.21 8.18 1528.4
193 19.19 35.907 8.13 1523.4
296 17.52 35.24 8.12 1519.5
491 13.03 34.74 8.05 1508.1
686 8.93 34.42 7.98 1496.5
986 5.72 34.17 7.98 1488.7
1293 4.14 34.21 7.86 1487 .4%

1487 3.48 34.59 7.86 1488.4
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PHYSICOCHEMICAL AND ACOUSTICAL PROPERTIES OF THE DEEP OCEAN SOUND
CHANNEL IN WATERS AROUND AUSTRALIA

MRL, Cruise
Location

Date

OP7803

Indian Ocean
March 1978

Averaged Channel Characteristics

Depth (m)

Temp (°C)
Salinity (ppt)

pH

Sound Vel. (m sec—l)
(al)rl b 104 (dB)
frl (kHz)

(ad)_, x 10% (aB)
fr& (ki)

(ax)r2 x 10 (dB)
frZ (kHz)

@ (dB km-l)

940
5.1
34.6
7.84
1486
0.69
1.02
0.16
6.9
4.9
64.7

3.0 x 10~

OP7704
Coral Sea
May 1977

1270
4.2

34.5
7.88

1487

0.98
0.17
6.4
4.8
64.9

3.0 x 1072

OP7507
Tasmania

July 1975

1260
4.0
34.5
7.95
1486
0.82
0.98
0.20
6.31
5.0
64.3

3.0 x 107%




FIG. 1 - Course of MEG Oceanographic Cruise, OP7803,
carried out on board HMAS Diamantina
(February-March 1978).
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Detailed Section of International Chart Series: Southern
Indian Ocean (AUS 4070), covering the course traversed in
MEG Oceanographic Cruise, OP7803. Reproduced with
permission of The Hydrographer, Royal Australian Navy.
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FIG. 3 - Course of MEG Oceanographic Cruise, OP7704,
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May 1977.
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